ABSTRACT: On a previously-digitized map, a series of 685 points were screen-digitized so as to represent major spatial features of each polygon composing 17 forest types having inherently uncertain boundaries; three forest types having precise boundaries were treated as such. From these points and three exact types, surfaces were generated which provided weights of the certainty of having each of the 20 forest types at a location. These surfaces were "reconstituted" into a thematic map by assigning each location to the type having the highest weight. When compared to the precisely digitized and rasterized map, area1 and locational inaccuracy were 5% and 18%, respectively, for the reconstituted thematic map. For certain situations-such as the preparation of long-term forest management plans-these results show promise for adequately representing maps of natural features while reducing digitizing efforts.
Introduction

T
he digitizing of thematic maps in order to convert them to a computer-compatible format appears to be a straightforward process. One places an analog map on a digitizing tablet and, with a puck, traces those lines which comprise the polygons of interest. That this is a time-consuming, operator-intensive, and tedious task is well accepted. Nonetheless, to obtain what has been considered the necessary precision for digital spatial data bases, the arduous tracing of every pertinent line on a map and the subsequent editing of the inevitable errors has remained the most common way of inputting spatial data into a computer.
This process of data input seems reasonable, given that the lines on the map have been identified by a trained cartographer, photo-interpreter, and so on. Thus it is reasonable to assume that the thematic map lines are delimiters of realworld polygons. For thematic maps of certain spatial phenomena, however, a closer examination suggests that this data input process may not be as widely applicable as has generally been assumed.
Suppose that one is interested in producing thematic maps using census data collected for a given Kim Lowell is Professeur Titulaire and Christopher Gold is Professeur Titulaire at the Centre de Recherche en Géomatique, Pavillon Casault, Université Laval, Ste-Foy, Québec Gl K 7P4, Canada. urban area. Census data are often collected by census district and the boundaries of these districts usually coincide with natural or man-made features-e.g., city streets, township boundaries, or edges of rivers. In such cases, the boundaries being mapped are real and can be readily identified on the ground with a minimum of positional error. While the edge of a river may be difficult to find, if a river or similar feature is used as a legal demarcation it can be reasonably assumed that its boundaries are readily identifiable. Thus, in digitizing a map of a city one can digitize the census district boundaries confident that these are features having a high level of certainty of existing and being located in the right place.
The previous example fits well with accepted choropleth mapping (Dent 1985) and existing geographic information system (GIS) techniques: readily identifiable polygons exist and each polygon has associated attribute data. But consider an alternative situation in which one has a forest-type map produced by a trained photo-interpreter from a set of aerial photographs. The resulting thematic forest map would look very similar to the city map in that dimensionless boundary lines would delimit polygons which have a number of attributes (e.g., forest density, height). Thus, in either the urban or forest setting, one apparently has the same situation in relation to mapping. However, it must be recognized that the two are fundamentally very different in relation to realworld conditions (Mark and Csillag 1989) . In contrast to census boundaries, the boundaries between forest-type polygons may or may not be readily identifiable. Certainly the boundary between a lake and a mature forest is readily locatable, probably with the same precision as the river in the urban setting. But the boundary between a 40%/60% spruce/birch mix and a 60%/40% spruce/birch mix is less identifiable. In fact, it may not even exist in the real world. This type of boundary can be considered, therefore, to be extremely "fuzzy." When one digitizes the lines of a forest map, one is sometimes digitizing the features of high spatial certainty. But, more often, one may be digitizing those features which have inherently low associated spatial certainty. More accurately, perhaps, one is digitizing lines whose fuzzinesses are variable, yet which are treated as having uniform spatial certainty.
This suggests that, for digitizing and spatial data representation, the traditional GIS model may be severely lacking for natural phenomenathat is, for those phenomena whose boundaries are naturally fuzzy. (Soils and ecological zones are further examples of this.) The painstaking digitizing of the lines on a forest (or soils or.. .) map may be rather a waste of time. That is, given that the spatial precision of the real-world boundaries is relatively low, it may be preferable to utilize alternative digitizing techniques and spatial data representations that reflect the fuzziness of the factors being mapped and which do not insist on the exact preservation of highly imprecise boundaries. This is not to suggest that the low spatial precision of real-world boundaries makes the conversion of forest maps to a digital format a nonsensical exercise. Instead, it is to say that recognition that this imprecision exists is critical to understanding the central premise of this paper. Specifically, if a "suitable approximation" of the real-world forest can be obtained by not digitizing every line on a forest-type map, then the painstaking task of converting large map-based (forestry) databases to a digital format may be satisfactorily reduced. The purpose of this paper is to evaluate an alternative way of producing maps of natural features and to evaluate the accuracy of that alternative. A secondary objective is to demonstrate one method for producing a cartographic representation which may be more suitable for digital computers than the traditional fixed-line model inherent in paper maps. The test-domain for this work is the production of forest maps.
Study Site
A portion of Montmorency Forest-the research forest of Lava1 University-was selected for use. The forest is located approximately 80 km north of Quebec City, Canada. The area used for this study is approximately 1500 hectares in size, is irregularly-shaped and approximately 6.5 km (east-west) by 3.5 km (north-south). The predominant vegetation type is boreal forest which is the dominant forest association of the region (Society of American Foresters 1979). A forest type map had been produced for the area through the interpretation of 1984 aerial photographs by trained photointerpreters in 1985. On the portion of Montmorency Forest used in this study, this resulted in 242 different forest stand polygons representing 20 different forest and non-forest categories. For the purposes of this study, all land-cover types were arbitrarily assigned numbers 1 to 20 and are referred to throughout as FIl (forest type l), FT2, etc. Among the 20 categories were water (lakes and rivers: FT20), disturbances (complete blow-downs and clearcuts: FT15), and unproductive land (bare rock and other anomalies: FT16). It was felt that these three types might have fairly precise boundaries compared to the other types; this was verified by visual examination of the aerial photographs. Thus, in subsequent sections, these three types are treated slightly differently than the others.
Experiment
The raster' map of the study area was displayed on a color computer monitor to screen-digitize points within polygons that would be spatially representative of each polygon for those types having uncertain boundaries-all types except FTS 15, 16, and 20 which will be discussed shortly. (The raster map will subsequently be referred to as the "digitized map" to reflect how it was created.) Originally, it was intended to place one point per polygon only. However, most polygons were irregularly-shaped, making it difficult and inappropriate to use a single point to represent a polygon. An alternative point-digitizing strategy comprised of several rules was adopted (Figure 1 ). 2. If a polygon was a regular geometric shape, such as circular or rectangular with a welldefined centroid, and was relatively small, a single point was placed at the center. 3. If a polygon was regularly-shaped but relatively large, points were distributed near its perimeter but far enough inside to make reasonably certain that on the ground the point would be the type digitized. 4. If the polygon was an irregularly-shaped blob, a point was placed within each major feature of the polygon. If a major feature was relatively large, the preceding rule applied. 5. If the polygon was linear in form, points were placed at regular intervals along its length.
It is evident that the placing of points within a polygon was an extremely subjective process. However, the process closely resembles what would occur if one were to tell a digitizing operator to not digitize lines, but to digitize instead one or more points within each polygon which have high certainty of actually being the type attributed to the polygon. That is, the operator would place points in the "fattest" part(s) of each polygon. Furthermore, the operator was made aware of how the points were to be treated subsequently (see below). Because one goal of this research was to allow a digitizing operator to produce an acceptable map representation by placing such points, this subjectivity is actually considered beneficial in a study which seeks to produce an operational methodology that will ultimately include the same subjectivity.
In all, 685 points were placed in 2 10 polygons of the 17 forest types having uncertain boundaries. This provided a per-polygon average of 3.26 points for the forest type polygons having uncertain boundaries. The 32 polygons of the three types having precise boundaries-FTs 15, 16, and 20-were treated differently. Since high certainty could be inferred for these types, their boundaries were digitized and the resulting polygons rasterized. Their treatment is described subsequently. For the moment it is the 685 points digitized for the types having uncertain boundaries which are of interest.
These points can be considered to be places having a near-certainty of actually being a given type; this also means that they are certain to not be another type. Viewed a different way, one can locate all digitized points on the area and use as attribute data their certainty values (100 or 0) of being a given type. The result is a set of spatially distributed points showing the certainty of having, say, FT 1 at each location. One can then interpolate among these points to produce an isorithmic map of certainty for that type. This certainty weight is akin to the "fuzzy set membership function" described by Zadeh (1965) . The same procedure can be followed for each forest type to produce a set of surfaces containing values between 0 and 100 (or 0 and 1 .O) showing the certainty of having a given type at a given location.
The actual interpolation technique employed is important, however. One would like to use a technique which preserves the information at the original points and ensures that the values at any given location sum to 100 over all types. In this study, a variant of natural-neighbor interpolation known as Voronoi diagram area-stealing (Gold 1989 ) was employed. In area-stealing, one creates a Voronoi diagram (composed of Thiessen polygons) around the data points (Figures 2a and 2b ). For any point at which one would like to have an interpolated value, one locates that point on the Voronoi diagram ( Figure 2c ) and constructs the Thiessen polygon around that query point ( Figure  2d ). This Thiessen polygon is then overlaid on the original Voronoi diagram and the percent of area that the point would "steal" from the original Thiessen polygons of each type is determined (Figure 2e ). These percentages become the certainty scores for each type for this point. In the example presented (Figure 2 ), the query point would have certainties of 20, 15, and 65 for FTs A, B, and C, respectively (Figure 2e ). Note that these values sum to 100 as desired. Further note that, if a query point is placed directly on a data point, its Thiessen polygon will match the Thiessen polygon of the data point exactly. This means that the query point's Thiessen polygon would steal 100% of its area from the data point, thereby preserving the data point as desired.
While theoretically this procedure can be conducted for every location on the map, computational constraints make it more efficient to sample the map surface systematically with query points in order to estimate certainty scores for each type at regular intervals (Figure 3 ). Once this has been done, a less computationally demanding interpolation method can be employed to estimate certainties at intermediate locations such as the 13 m raster cells used in this study. The interpolation method selected for this purpose is relatively unimportant since data are now regularly spaced at a known distance-an optimal situation for interpolation. Thus to produce certainty surfaces by the method described, a user need only specify a grid of sample points. Because it was felt in this study that the spacing of the grid might affect results, two grid sizes were used: 50-by-50 m and 100-by-100 m. Certainty values for each grid point were estimated using the 685 points for each of these spacings. Linear interpolation was then conducted on the resulting grid to provide raster surfaces with 13 m cells showing the certainty of having a given FT in a given cell. Note that, with 17 forest types in the original data, 17 raster surfaces resulted. Furthermore, instead of having a deterministic map surface (Figure 4a) , one now has a fuzzy surface representation for each type (Figure 4b) .
The three FTs with fixed boundaries remained to be incorporated into this set of fuzzy surfaces. To do this, any cell having been digitized as FT 15, 16, or 20 was assigned a value of 100 on fuzzy surfaces 15, 16, and 20, respectively; the remaining cells on these surfaces were then assigned values of 0 (zero). These three surfaces were overlaid on each of the 17 fuzzy surfaces produced as described earlier. At each location on fuzzy surfaces 15, 16, or 20 at which the value of 0 was present (absence of one of these types), values on the remaining fuzzy surfaces were not altered. In cases where a value of 100 was present on fuzzy surfaces 15, 16, or 20, the value on all of the remaining 17 surfaces was assigned a value of 0. This procedure ensured that the certainty values for all cells would sum to 100 over all types, and that the fixed boundaries of FTs 15, 16, and 20 would be preserved. This was done for the surfaces produced using both the 100-by-100 m and 50-by-50 m gridpoint spacing.
Each set of fuzzy surfaces was then used to produce a deterministic map by assigning each cell to a forest type using a maximum-membership decision rule. For a given cell, the weights on all surfaces were examined and the cell was assigned to that forest type for which its certainty value was the highest (as is done in the maximum-likelihood classifier in remote sensing). Two thematic maps resulted from the procedures described: l a maximum-membership map based on a l00-by-100 m sample grid l a maximum-membership map based on a 50-by-50 m sample grid.
Moreover, the original digitized map was present in the digital database. The maximum-membership maps were evaluated in two ways. First, for a given map the area of each of the twenty forest types was determined and compared to the amount on the initial digitized map. Because the only concern in this evaluation is that the amount-not the location-of a given forest type on both maps be the same, this will be referred to as an assessment of "area" accuracy." Second, the maximum-membership map being considered was overlaid with the digitized map and the area1 coincidence of each type determined. This is referred to subsequently as an assessment of "locational accuracy" because the concern is that forest types are in the same location on both maps. This latter is comparable to the diagonal of error matrices that are used to evaluate the classification of satellite images. .'.~ , . , . , . , . , . , . , . , . , . , . , . , . , . . , : . : , : . : , : : : : : : : : : : . : . : . : . : . : . : . : . : . : . : . : . : . : . : . . ,.:::: ' . , . : . : . _ , . _ . , . , . , . , . , . , . , . , . , . , . , . , . , . , . , . , . , . , . , . . , . , . , . , . :.:.,.:.,:.: . , . , . , . , . , . , . . , . _ . , . 
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underestimated. Thus, in an operational context, it may be useful to represent such types by using more Figure 5 presents the two types of maps propoints, though it is difficult when looking at a forest duced-digitized and maximum-membership. It is map to determine the general shape characteristics evident ( Table 1 ) that if one is asking the question of polygons of a given type. Locational inaccuracy "How much of each type is present?" then the for this maximum-membership map is 18%. Theremaximum-membership map performs fairly well fore, if one is concerned not with the total amount of with a total areal inaccuracy of 5%. Though the avereach type but with the location of each, the accuracy age for any given type is only 5%, for individual will be less than the areal accuracy. Again, the exact types, this can vary radically (Column 4, Table 1 ). Of amount of locational inaccuracy varies with type, but particular interest is that estimates of the less comit appears to be more consistent for each type than mon types (e.g., FTS 6, 14) are particularly poor. Of area1 accuracy. further interest is that these types were neither conIf the spacing of the points on the sample grid is sistently overestimated nor consistently underestidoubled (Table 2) , the areal inaccuracy increases to mated. Visual inspection of the digitized map 9% and the locational inaccuracy increases to 22%. suggested that, if less common types were present in
The same tendencies as were noted for the nature of "tentacled' polygons instead of those with more the inaccuracy for individual types occur. Thus, the regular geometric shapes, their areas tended to be spacing of the sample grid is important for the maximum-membership approximation of the map. However, increasing the spacing above the 50-by-50 m grid examined here would require considerably more computational time than what was used in this study (see, further, the discussion of practical implications, below). However, given that human operator time would not increase, if inaccuracy were further reduced it might be desirable to use a 13-by-13 m grid spacing (the size of individual cells). Given these findings, it was necessary to examine the source of the inaccuracies in greater detail. There are two potential sources of these errors. One is that, in reality, one cannot base the certainty of observing a particular forest type at any given sample point solely on the amount of area stolen from a given polygon. In truth, this certainty should also be affected by the aspatial characteristics of the forest type-in particular the variability of the type-and the spatial characteristics (e.g., size and shape) of a polygon. If a forest type is highly variable, the "true certainty" of observing it at any given point is not necessarily 100%. Similarly, if one has a perfectly round polygon that is "big," the point in the center may indeed have a 100% certainty of being that type. However, a point located in a "long, narrow" polygon might not actually have a 100% certainty of being that type. In this study, this type of error was not examined and is, instead, considered a necessary subject for future research.
The second potential source of inaccuracy is that differences between the digitized and maximummembership maps were due to the "incorrect placement" of a digitized point within a polygon. One might argue that objective algorithms might produce better polygon centroids. This may or may not be true. But even if it were true, such an approach would require the precise digitizing of map to be treated algorithmically. This-digitizing forest type lines exactly-is precisely what one is trying to avoid by using this approach. Though in this study points were located within polygons of an already digitized map, operationally one would register the map to a digitizing table and extract subjective centroids directly without the digitizing of boundaries as was done in this study. Thus the manner in which centroids were located within polygons in this study is comparable to what would be found in an operational context.
Discussion
Practical Implications
It is clear that, in its present form, the digitizing technique described is not capable of exactly reproducing a forest map as drawn, nor as it would be digitized by tracing lines exactly. This is true regardless of the sampling density of the grid used for area-stealing, though a finer density does improve the approximation. It must be understood that a portion of this inability is the irregular form of most forest polygons. Undoubtedly, if similar techniques were applied to an urban setting having relatively regularly-shaped and uniformly-sized polygons-e.g., city blocks-it is probable that both the area1 and the locational accuracy would improve. However, given that some inaccuracy would undoubtedly remain, and that boundaries of such polygons are locatable and verifiable in "the real world," the techniques would not be applicable to such a situation.
The map used in this study contained 20 forest types. It is likely that a map containing fewer categories treated in the proposed fashion would have greater agreement with a conventional digitized product, assuming that polygons had the same degree of spatial irregularity. The overall effect of fewer categories is bigger polygons and, subsequently, fewer boundaries. In the digitizing method presented, boundaries are treated as the least certain spatial features on the map. If fewer boundaries exist, one would expect better agreement with a conventionally digitized map.
The inability to reproduce a digitized map is only a problem if one considers the physical map to be "truth," and/or if area1 and locational inaccuracies are seen to exceed those inherent in the physical map. In cases in which all boundaries exist and are readily identifiable (on the ground and the map), the technique described is clearly inappropriate. However, its applicability to natural phenomena must remain the choice of the individual user. If one believes, for example, that a soils map has an inherent 25% margin of error, then an area1 and locational digitizing inaccuracy of 5% and 18% is probably acceptable. Similarly, if one believes there is a 10% margin of error in the map, and one is only concerned that the total amount of area of each forest type is represented adequately, then a 5% error is well within the limits of map accuracy. In fact, unpublished work by the first author suggests that the area1 agreement among interpretations of the same aerial photographs for forestry purposes is approximately 60%; both of the fuzzy map representations presented were more precise than this.
Finally, the strongest argument for the approach presented is in time savings for data entry. In this study, a 1536-ha area having 20 forest types was digitized from a 1:20,000 map. This required approximately ten hours of human time during which a computer was in use as well.
(Though a relatively powerful 486 was being used, this step could occupy a far less powerful machine if necessary.) The fuzzy surface-based approach required approximately two hours of human time plus another three hours of computer processing time on a 486 machine. Thus the approach adopted saved 80% of the human time required for digitizing an area in a conventional linetracing procedure, but used more computer time and required a more powerful computer.
Context
This paper discusses one possible way of deriving a fuzzy cartographic representation and one use to which it may be put. It is worthwhile here to provide additional background on fuzzy set theory (Zadeh 1965) . One of the first discussions of using fuzzy set theory in geographic information systems can be found in Robinson (1988) . However, the subject had been considered earlier in the classification of remotely sensed images (Robinson and Thongs 1985; Kent and Mardia 1988) in large measure because of a recognition that mixed pixels do not belong to a single type (Marsh et al. 1980) . Indeed, such work continues, as evidenced by relatively recent articles on the subject (e.g., Wang 1990a and 1990b) . Employing fuzzy set theory in GIS is now well established and the idea of fuzzy classifications has migrated to data other than satellite imagery (Burrough 1989; Burrough et al. 1992) . The principal focus has been the attribute and spatial uncertainty inherent in conventional maps. Studies have focused on digitizing error (Bolstad et al. 1990; Lee and Chow 1992) as well as on descriptions of how to accommodate and model uncertainty in spatial databases (Chrisman 1984; Chrisman and Lester 199 1; Leung 1988) . The concepts of fuzzy set theory have also been applied to the problem of spatial-temporal modeling (Lowell 1994) . Other researchers have presented alternative methods for generating fuzzy surfaces given different types of map information than what was available here (Fisher 1992; Goodchild et al. 1992 ). Both Fisher (1992) and Goodchild et al. (1992) suggest also an alternative to the maximum-membership algorithm for class assignment. They propose, instead, the use of an algorithm which controls for overall error while maintaining a certain amount of spatial autocorrelation in the classification.
Conclusions
Area-stealing interpolation techniques can be used to produce fuzzy surfaces of natural phenomena which represent the real world as an inherently uncertain surface. That is, boundaries are not fixed phenomena and spatial locations represented cartographically may be mixtures of two or more types, and/or have a possibility of being a map type other than that mapped on a choropleth map.
A practical application of these surfaces is a potential to diminish digitizing efforts of forest type maps. A relatively simple maximumlikelihood classification algorithm was able to produce a classified thematic map from the fuzzy surfaces with 5% and 18% area1 and locational disagreements, respectively, relative to a digitized map of the same area. Whether these tolerances are acceptable for a phenomenon being mapped must remain the decision of the user of a spatial database. Future work must focus on spatial operators for fuzzy surfaces, improved methods for storing these surfaces, and the production of fuzzy surfaces in a manner which incorporates spatial and aspatial weights into the certainty weights on each surface.
